1. Introduction {#sec1}
===============

The production of adenosine triphosphate (ATP) is vital for cell function, and 90% of ATP is produced in the mitochondria \[[@bib1]\]. Food molecules are metabolized for valuable energy in the form of ATP. With aging, increased mitochondrial free radicals lead to a decrease in the respiratory chain complexes and reduced ATP production. This increase in free radicals also occurs with various diseases such as heart failure and diabetes. Decreased ATP production can lead to many pathophysiologic conditions and cellular apoptosis \[[@bib2]\], thus an accurate method for measuring ATP production is important to determine a patient\'s cellular function.

There are commercially available rapid ATP detection devices for food service, healthcare, and water quality. For this study, we used the Hygiena EnSURE™ ATP luminometer instrument and swabs designed for measuring ATP water quality. The AquaSnap™ Free swab has a honey-comb shaped dipper that extracts ATP from water that is then mixed with a reagent and placed into the device. Within 2 min, light is emitted in direct proportion to the amount of ATP and displayed in relative light units (RLU).

It is well known that muscle fatigue is related to mitochondrial dysfunction and/or decreased production \[[@bib3],[@bib4]\]. Fatigue is a common subjective symptom in which patients often report feelings of tiredness, lack of energy, or exhaustion. The etiology is multifactorial and associated with numerous causes such as anemia, mitochondrial dysfunction, hypoglycemia, and neurological disorders. Fatigue may be experienced by individuals in different dimensions as physical, mental, and emotional tiredness \[[@bib5]\]. This perceptual state has been closely related to ATP production \[[@bib6]\].

One potential cause of the depletion of ATP is mitochondrial dysfunction. Thus, the reduction in ATP production could produce fatigue-like symptoms in patients \[[@bib7]\]. This is observed particularly in patients with heart failure with preserved ejection fraction (HFpEF) \[[@bib8]\]. Currently, in the clinical setting there is no point-of-contact method used to obtain a quantitative measure of ATP. This is problematic because the healthcare provider has no measure to assess fatigue other than a questionnaire when patients express that they have increased or decreased fatigue. Thus, the project aim of this study was to adapt an ATP instrument for a point-of-contact testing that could be used in the clinical setting among patients with heart failure as a reliable measurement of fatigue.

2. Methodology {#sec2}
==============

2.1. Location, sample, and design {#sec2.1}
---------------------------------

This protocol was reviewed by the University of Kansas Medical Center (KUMC) Human Subjects Committee and was designated as a quality improvement study to develop a point-of-contact technique to measure ATP. The study procedures were completed in a laboratory at KUMC. Experiments were conducted to determine the optimal amount of blood and water and the technique to obtain reliable and valid measures of ATP. After the method and protocol were developed, they were tested on 12 healthy adult volunteers.

2.2. Materials and method {#sec2.2}
-------------------------

We used a commercially available Hygiena EnSURE™ ATP luminometer instrument with an AquaSnap™ water testing device that is a self-contained ATP test to monitor ATP levels in water. The AquaSnap™ Free swab only measures dissolved ATP outside of living cells (non-microbial ATP). This instrument can detect down to 0.01 fmol of ATP. The advanced photodiode sensor technology of the swab is not affected by drops or shakes, and the swabs are reliable for 15 months at refrigerated temperatures of 2--8 °C or 4 weeks at room temperature (21--25 °C).

After attempted blood sampling with different pipettes and locations for digital punctures, we established the optimal method. This included wrapping a heating pad around the subject\'s index finger for 2 min. The heating pad was removed, and the lateral surface of the first upper extremity phalangeal digit (index finger) was cleaned with alcohol pad for 10 s. The Accu-Check® softclix lancet device was pressed against the finger and then released and the finger was milked to encourage a small bleb of blood. Using a pipette with a cut tip, we obtained the blood sample.

The first set of experiments in the laboratory was conducted to determine a method for sampling ATP. We tested 10 μl and 5 μl blood samples in various volumes of water (H~2~O) using the Hygiena EnSURE™ ATP luminometer instrument with the AquaSnap™ FREE swab. We found that using an automatic pipette with the tip cut provided an adequate sample of 5 μl of blood from a finger puncture. The sample was then placed in 900 ml of H~2~O and mixed for 10 s. The AquaSnap™ swab was then placed in the solution for 10 s and then inserted into the Hygiena EnSURE™ ATP instrument. After 15 s, the instrument displayed an ATP value in relative light units (RLU) ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1A. Hygiena EnSURE™ ATP luminometer instrument with the AquaSnap™ FREE swab. B. Cut and regular pipette tip tested for blood sampling.Fig. 1

The second experiment focused on establishing the concentration of ATP. For this experiment, we purchased a 300 μl standard solution containing 10 mM of ATP from Sigma Aldrich (Burlington, MA). We placed 50 μl of a standard ATP solution (10 mM) into 5 ml of saline to produce a stock solution (10 mM/ml ATP). Next, a 500 μl of the ATP stock solution was placed in 5 ml of saline to produce a 10 μM/ml ATP solution. Using the Hygiena Ensure ATP Luminometer, we placed an AquaSnap™ Free swab into the solution to detect ATP within 15 s. Further sequential dilutions were conducted with ATP standards to determine the concentration of ATP per RLU. We weighed five AquaSnap™ Free swabs and then placed the swabs into water for 10 s to determine the amount of solution the swab absorbed.

3. Results {#sec3}
==========

From one subject, two samples of 10 μl of blood in 900 ml of H~2~O resulted in no detectable values because the concentration was too high to detect ATP with this instrument. Next, 5 μl of blood was placed in 400 ml, 600 ml, and 800 ml of H~2~O without a cut pipette tip and the values ranged from 3507 to 6459 RLU ([Table 1](#tbl1){ref-type="table"}).Table 1Laboratory testing of fluid and blood volumes with the Hygiena Ensure ATP Luminometer.Table 1SampleSample 1 (RLUs)Sample 2 (RLUs)10 μl of whole blood in 900 ml of H~2~O\
(tip intact)Over range[a](#tbl1fna){ref-type="table-fn"}Over range[a](#tbl1fna){ref-type="table-fn"}5 μl of whole blood in 400 ml of H~2~O\
(tip intact)6459\
5365\
5 μl of whole blood in 600 ml of H~2~O\
(tip intact)555748535 μl of whole blood in 800 ml of H~2~O\
(tip intact)48913507[^1]

For the next set of experiments, we collected 3 samples from 2 subjects using cut pipette tips to test if the values would be more reliable. With a cut pipette tip, 5 μl of blood in 250 ml of H~2~O produced values for subject one from 9410 to 9451 and for subject 2 from 9509 to over 10,000. Using 5 μl of blood in 900 ml of H~2~O (cut tip), the values ranged from 4536 to 4589 for subject 1 (mean = 4,569) and 5841 to 5855 (mean = 5,849) in subject 2 ([Table 2](#tbl2){ref-type="table"}).Table 2ATP values (RLU) from blood samples of 2 subjects using 250 ml and 900 ml of H~2~O.Table 2Subject 1Subject 21231235 μl of whole blood in 250 ml of H~2~O\
- cut tip9428[a](#tbl2fna){ref-type="table-fn"}9410[a](#tbl2fna){ref-type="table-fn"}9451[a](#tbl2fna){ref-type="table-fn"}9509[a](#tbl2fna){ref-type="table-fn"}9514[a](#tbl2fna){ref-type="table-fn"}no value5 μl of whole blood in 900 ml of H~2~O\
- cut tip, different pipette4536[a](#tbl2fna){ref-type="table-fn"}4589[a](#tbl2fna){ref-type="table-fn"}4581[a](#tbl2fna){ref-type="table-fn"}5851[a](#tbl2fna){ref-type="table-fn"}5855[a](#tbl2fna){ref-type="table-fn"}5841[a](#tbl2fna){ref-type="table-fn"}[^2]

The sequential ATP dilutions were conducted using 10 mM/ml, 10 μM/ml, 10 nM/ml, 1 nM/ml, 0.5 nM/ml, and 0.1 nM/ml. In the first three dilutions, the ATP concentration was too high (\>10,000 RLU) to detect with the instrument. Once the dilution was at 1 nM/ml, the instrument detected a value of 8223 RLU. For a dilution of 0.5 nM/ml, the instrument detected a value of 5230 RLU. At a dilution of 0.1 nM/ml, the instrument detected a value of 1530 RLU ([Table 3](#tbl3){ref-type="table"}).Table 3Serial dilutions to determine ATP concentrations.Table 3ATP ConcentrationsRLU Results10 mM ATP (stock solution)↓10 μM ATPOver limit (\>10,000 RLU)↓10 nM ATPOver limit (\>10,000 RLU)↓1 nM ATP8,223↓0.5 nM ATP5,230↓0.1 nM ATP1,530↓No ATP in saline (Blank)0[^3]

[Fig. 2](#fig2){ref-type="fig"} illustrates the phosphorescence of ATP in RLUs for known concentrations of ATP (1 nM ATP, 0.5 nM ATP, 0.1 nM ATP, and 0 nM ATP). The stars represent mean values of three samples ([Table 1](#tbl1){ref-type="table"}) from 2 subjects when 5 μl of whole blood was placed in 900 ml of H~2~O using the Hygiena Ensure ATP Luminometer. The weight of absorption of H~2~O from the five swabs that were tested ranged from 134.8 mg to 142.9 mg with a mean of 137.8 mg ([Fig. 3](#fig3){ref-type="fig"}).Fig. 2Phosphorescence of ATP in RLUs for known concentrations of ATP.RLU = Relative Light Units.![](fx1.gif) = 0 nM, 0.1 nM, 0.5 nM, 1 nM ATP.![](fx2.gif) = mean 4,569.![](fx3.gif) = mean 5,849.Fig. 2Fig. 3Weight of samples collected by the AquaSnap™ Free swab.Fig. 3

In 12 healthy adults ranging in age from 31 to 71 years, we obtained more than 10 μl of blood from the lateral side of the first upper extremity phalangeal digit. Applying a heating pad before the digital puncture required less milking of the finger. We also found that cutting the pipette tip before sampling allowed for more accurate collection and release of the blood into the water before testing for ATP.

4. Discussion {#sec4}
=============

The goal of this study was to develop a method to adapt the Hygiena Ensure ATP Luminometer for use as a point-of-contact instrument to measure ATP in a clinical trial or clinical setting. The EnSURE™ instrument is currently being used to measure ATP from surfaces and liquid samples in hospitals, recreational areas, and the food industry. It is ideal to use in a clinical setting because it provides real-time results in 15 s and is portable \[[@bib9],[@bib10]\]. We established a method to obtain an adequate blood sample from a capillary puncture and place it in a large fluid volume to acquire an ATP value in RLU within 15 s. However, we did not know the ATP concentration for the values displayed in RLU. Thus, we performed a series of dilutions with known concentrations of ATP and determined the ATP concentration in our samples were between 1 and 0.1 nM.

Adequate ATP is important for cellular function, and ATP deficiency is associated with numerous diseases including impaired cardiac function leading to congestive heart failure \[[@bib11]\]. Brain tissue function is dependent on ATP, and ATP deficiency impacts the occurrence and clinical course of diseases such obstructive sleep apnea \[[@bib12]\] and Alzheimer\'s disease \[[@bib13]\]. The role of ATP in cellular processing of sugars is critical in diseases such as diabetes \[[@bib14]\].

Individuals with various diseases often report fatigue and clinicians and researchers often measure the patient\'s fatigue with a questionnaire \[[@bib15],[@bib16]\]. However, there are many factors that can affect a patient\'s response when completing a questionnaire such as the presence of a family member, cultural norms, or personality type \[[@bib17]\]. Thus, a measure of ATP along with the data from a fatigue questionnaire would provide an improved assessment of an individual\'s fatigue. We are now using this technique with the Kansas City Cardiomyopathy questionnaire to measure fatigue in patients with HFpEF in a clinical setting.

Almost all living cells contain the ATP molecule \[[@bib18]\], and therefore a direct measure of biological concentration is possible. For years ATP has been quantified by measuring the light produced by the firefly enzyme luciferase using a luminometer. The amount of light produced is directly proportional to the amount of ATP \[[@bib17],[@bib19], [@bib20], [@bib21]\]. A common method employed to quantify ATP production is to isolate mitochondria and measure ATP using fluorometry \[[@bib22]\]. This very accurate and well-defined method is very time consuming and cannot be completed in a clinical setting \[[@bib23]\]. Thus, the Hygiene monitoring instrument was developed for rapid and reliable measures of ATP for surfaces, water, microorganisms, and humans. The AquaSnap™ FREE swab has a bulb with a liquid stable luciferase product designed to eliminate the need to reconstitute lyophilized pellets and help provide precise results of low levels of ATP \[[@bib10],[@bib24]\]. After testing various amounts of water and blood samples, we determined that adding 5 μl of blood to 900 ml water and using the Hygiene ATP instrument we detected ATP in the 5000 and 4000 RLU range. With the dilutional experiments, we determined that the concentrations of ATP for this RLU ranged between 1 and 0.1 nM of ATP.

5. Conclusion {#sec5}
=============

For our research with HFpEF and other diseases that are related to decreased ATP, we needed to find a measure of ATP that could be completed rapidly and accurately in a clinical setting. We have adapted the Hygiena AquaSnap™ equipment to be used as a point-of-contact instrument in our clinical trial in patients with HFpEF to measure ATP. Using 5 μl of blood in 900 ml of H~2~O appears to be the ideal amount to obtain accurate and reliable ATP values. We have developed a time-sensitive protocol to measure ATP in RLU that are in nanomole concentrations. While the instrument displays values in RLU and not ATP concentration, these experiments have helped us to determine the ATP concentrations of a sample when the range is between 3,500 and 6,000 RLU.
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[^1]: No detectable value of ATP, RLUs = Relative Light Units.

[^2]: Relative Light Units (RLU).

[^3]: \*Relative Light Units (RLU).
